Abstract-Limited data support the strong association between rates of accelerometer activity counts and energy expenditure during dynamic activity in persons with multiple sclerosis (MS). This study examined the association between rates of activity counts and energy expenditure during walking by using two models of accelerometers and generated cut-points representing moderate-to-vigorous physical activity (MVPA) in persons with MS. Participants were 43 persons with MS and 43 controls who undertook 5 min of seated rest and up to five 6 min periods of walking at five different speeds on a treadmill. While walking, participants wore two models of accelerometers and a mouthpiece in-line with an open-circuit spirometry system for measuring energy expenditure (rate of oxygen consumption). Strong linear associations were found between accelerometer activity counts and energy expenditure, and the magnitude did not differ between MS and controls for both accelerometer models. The mean slopes of the linear relationships were steeper in persons with MS than controls and resulted in distinct cut-points for MVPA based on accelerometer counts for persons with MS and controls. The strong linear relationship between activity counts and energy expenditure and cut-points for quantifying time spent in MVPA should allow for better understanding of physical activity and examination of its predictors and consequences when using accelerometers in MS.
INTRODUCTION
Clinicians and researchers are increasingly interested in physical activity behavior among persons with multiple sclerosis (MS). This interest is based on physical activity's favorable association with symptom management, disease progression, and quality of life [1] [2] [3] . Accordingly, measurement is of importance in studying physical activity among persons with MS. In the event that the physical activity measurement does not accurately characterize the behavior, then the strength of the association between physical activity and symptom management, disease progression, and quality of life outcomes is likely to be underestimated or perhaps eliminated [4] .
One approach for objectively measuring physical activity in persons with MS involves motion sensors (e.g., accelerometers). Accelerometers are typically worn on a belt around a person's waist (i.e., near the center of mass) and provide output of activity counts per unit time or epoch. The activity counts from the vertical axis of an accelerometer represent a digital integration of the positive and negative vertical displacement of the body's center of mass per unit time. This accelerometer output proportionally reflects the net external acceleration generated during bodily movement, and by extension, the output should be strongly associated with energy expenditure during physical activity. This assumption is consistent with the standard definition of physical activity as a behavior that involves bodily movement produced by contraction of skeletal muscles and resulting in increased energy expenditure above resting values [5] .
The assumption of a strong association between accelerometer output and energy expenditure during dynamic physical activity [6] [7] has been well tested in the general population [4, [8] [9] , but not in persons with MS. This observation is important considering that the strength and slope of the association might be different in persons with MS than in the general population. Indeed, dynamic movements such as walking are associated with greater energy expenditure in persons with MS compared with controls [10] [11] ; no corresponding difference in accelerometer output exists [12] . Such a difference in energy expenditure, but not accelerometer output, would seemingly result in an association between activity counts and energy expenditure during dynamic activity that differs in persons with MS versus adults from the general population.
Further, examining the association between accelerometer output and energy expenditure during dynamic activity (i.e., walking) in persons with MS has a practical application. Researchers have calibrated accelerometer output and generated cut-points based on the rate of activity counts per minute that represent moderate-tovigorous physical activity (MVPA) for adults from the general population [4, 8] . Such cut-points give the raw accelerometer output meaning by anchoring the activity counts with a biological substrate, namely energy expenditure. The cut-points have added valuable information for interpreting accelerometer output over and beyond total activity counts when physical activity in the general population of adults is being studied [9] and would be similarly informative for studying this behavior in persons with MS. Importantly, if the association between accelerometer output and energy expenditure during dynamic activity (i.e., walking) is different in persons with MS versus the general population, this would result in a cut-point for measuring time spent in MVPA that is specific for this population.
The present study examined the association between the rates of accelerometer activity counts and energy expenditure during the dynamic activity of walking in persons with MS. Such an examination will allow for a better understanding of physical activity behavior and its consequences in those with MS by testing a major assumption and providing cut-points for quantifying time spent in MVPA as an additional metric for interpreting accelerometer output. Walking was selected because it is the most common form of physical activity undertaken by persons with MS [13] and, by extension, represents a major source of overall physical activity energy expenditure. The primary objective of this study involved an examination of the association between the rates of activity counts and energy expenditure measured during walking in persons with MS compared with a control sample of adults without a chronic disease condition. The hypotheses were that (1) accelerometer activity counts and energy expenditure would both increase with walking speed for persons with MS and controls; (2) persons with MS would have greater energy expenditure than controls but similar accelerometer activity counts across a range of walking speeds; and (3) a strong linear relationship would exist between accelerometer activity counts and energy expenditure during walking in both samples, but the slope of the relationship would be steeper in persons with MS than controls. The secondary objective involved the calibration of accelerometer output for generating cut-points based on activity counts per minute that represented MVPA in persons with MS. We hypothesized that the cut-point for MVPA would be lower in persons with MS than controls.
METHODS

Participants
We recruited the sample of persons with MS through direct contact with support groups of a Midwestern chapter of the National Multiple Sclerosis Society that were located within an approximately 90 min drive of our campus. The sample of controls was recruited from within our campus and its surrounding community through public postings. The inclusion criteria for those with MS involved a clinically definite diagnosis of MS and no relapses during the past 30 d before testing. Additional inclusion criteria for all participants involved (1) being ambulatory without an assistive device, including cane, crutch, or walker; (2) being 18-64 yr of age; (3) having the visual ability necessary to read 14-point font; (4) being willing and able to wear the accelerometer and oxygen analysis system while walking on a treadmill; and (5) not having any risk factors for undertaking exercise testing based on the Physical Activity Readiness Questionnaire [14] . We screened 69 persons with MS and 49 controls; 20 persons with MS did not meet the inclusion criteria and 6 cancelled the testing sessions after screening, whereas 2 controls did not meet the inclusion criteria and 4 subsequently cancelled the testing sessions after screening. We enrolled final samples of 43 persons with MS and 43 controls matched on age, height, weight, and sex.
Primary Measurements
Accelerometers
The rates of activity counts were measured by ActiGraph model 7164 and model GT3X accelerometers (Health One Technology; Fort Walton Beach, Florida). We opted for two accelerometers because the model 7164 has most often been used in calibration studies with adults but is no longer commercially available, whereas the model GT3X is commercially available but has not been included in calibration studies. The model 7164 accelerometer is compact (5.1 × 4.1 × 1.5 cm) and lightweight (43 g) and contains a piezoelectric bender element on a cantilevered arm that generates an electrical signal proportional to the force acting on it. The model 7164 detects acceleration ranging in magnitude from 0.053.2 g and frequency ranging from 0.252.5 Hz. Motion outside normal human movements is rejected by a band-pass filter. The acceleration signal is digitized by an 8-bit analog-todigital converter, with measurement amplitude of 0-256 units and a sampling rate of 10 Hz, and is numerically integrated over a preset epoch interval. The integrated value is stored in memory as activity counts and the integrator is reset at the end of each interval. The data are retrieved from the accelerometer via a personal computer and reader interface unit and then imported into Microsoft Excel (Microsoft Corporation; Redmond, Washington) for processing.
The model GT3X accelerometer is small (3.8 × 3.7 × 1.8 cm) and lightweight (27 g) and contains a solid-state digital accelerometer that generates an electrical signal proportional to the force acting on it along three axes; this study only included the vertical axis for consistency with the model 7164. Acceleration detection for the model GT3X ranges in magnitude from 0.05-2.5 g and the frequency ranges from 0.252.5 Hz, with motion outside normal human movements rejected by a band-pass filter. The acceleration signal is digitized by a 12-bit analog-to-digital converter, with measurement amplitude of 0-4,096 units and a sampling rate of 30 Hz, and is numerically integrated over a preprogrammed epoch interval. The integrated value is stored in memory as activity counts and the integrator is reset at the end of each interval. The data are retrieved from the accelerometer via a direct USB (Universal Serial Bus) 2.0 connection with a personal computer and then imported into Microsoft Excel for processing.
Participants wore both accelerometers in-line on an elastic belt that was positioned on the nondominant hip (i.e., anterior axillary line at the waist level). We set the epoch to 15 s for flexibility during data analysis, and activity counts were expressed as the average counts per minute (counts·min 1 ) across the 6 min periods of walking. The accelerometers were initially calibrated by the manufacturer before the onset of this study. This likely resulted in a precision with the ActiGraph accelerometers of 5 percent intermonitor variation and 2 percent intramonitor variation in controlled trials using a motorized turntable, per the manufacturer's standard [15] .
Energy Expenditure
The rate of oxygen consumption (VO 2 ), or energy expenditure, was measured by breath-by-breath analysis using an open-circuit spirometry system (TrueOne, Parvo Medics; Sandy, Utah). The O 2 and CO 2 analyzers of the system were calibrated using room air and verified concentrations of gases. The flow meter was calibrated using a 3 L syringe (Hans Rudolph; Kansas City, Missouri), and while on the treadmill, participants breathed through a two-way non-rebreathable valve (Hans Rudolph, model 2700B; dead space = 95 mL). Steady-state VO 2 was expressed as the average VO 2 value in milliliters per kilogram per minute across the final 3 min (minutes 4-6) of each 6 min period of walking.
Protocol
The protocol for this study was approved by a university institutional review board, and participants provided written informed consent. The protocol included two testing sessions that were separated by 7 d. On the day of the first testing session, participants completed demographic and exercise history questionnaires, underwent a 7-day physical activity recall (7dPAR) [16] , and then performed four trials of walking on a 26 ft GAITRite mat (CIR Systems, Inc; Havertown, Pennsylvania) for measuring ambulatory ability based on the Functional Ambulation Profile (FAP) score [17] . Those with MS further completed the PatientDetermined Disease Steps (PDDS) scale [18] and 12-Item Multiple Sclerosis Walking Scale (MSWS-12) [19] for characterizing the sample. We then measured each participant's height and weight with clothes by using a scalestadiometer unit (Detecto model 3P7044; Webb City, Missouri) and engaged the participant in an accommodation trial on the treadmill. The accommodation trial involved having the participant wear the accelerometers and oxygen analysis system while walking on a treadmill for 5-10 min across a range of speeds. This allowed for both practice with treadmill walking and determination of the appropriate range of speeds for the second session.
The second testing session was performed 7 d later. Participants initially were instrumented for the walking protocol and then sat quietly for 5 min to allow generation of an estimate of resting energy expenditure. The participants then undertook up to five 6 min periods of walking on a motor-driven treadmill (Trackmaster model TMX425C, Full Vision, Inc; Newton, Kansas) with 6 min periods of seated rest between the periods of walking. The five possible walking speeds were 54, 67, 80, 94, and 107 m·min 1 (i.e., slow through fast walking) and the actual speeds for the protocol among the persons with MS were determined from the accommodation trial. The order of speeds was further randomized for those with MS. The corresponding control participant completed the same speeds and in the same order as the MS participant. The treadmill speed was verified by measuring belt length and the time for 25 revolutions of the belt, and the treadmill grade (0%) was verified by a digital inclinometer (Beall Tilt Box, The Beall Tool Company; Newark, Ohio).
Data Processing and Analysis
We entered the accelerometer and metabolic data per participant into Microsoft Excel. This allowed for computing the multiple correlation coefficient (R), squared multiple correlation coefficient (R 2 ), intercept, slope, and cut-point for MVPA (i.e., 3 metabolic equivalents) based on a linear relationship between accelerometer activity counts and VO 2 per participant. Importantly, we checked and confirmed the veracity of the output from Excel with PASW Statistics 18 (SPSS Inc; Chicago, Illinois).
The data analysis itself was done in PASW Statistics 18. The accelerometer and metabolic data recorded across the five possible treadmill speeds and the R, R 2 , intercept, slope, and cut-point for MVPA for the two groups were analyzed with independent samples t-tests; the t-tests were one-tailed because of the directional hypothesis. We conducted t-tests on accelerometer activity counts and VO 2 rather than a mixed model analysis of variance (ANOVA) given the unequal sample sizes across treadmill speeds (i.e., not all participants were capable of completing all five speeds); the ANOVA would have required complete data for all six points (i.e., seated rest and all five walking speeds), thereby restricting the sample size itself and possibly resulting in a unique sample of persons with highly intact walking capacity.
RESULTS
Descriptive Statistics
The sample consisted of 43 persons with a definite diagnosis of MS and 43 controls who were similar in age Table 1 . There were 39 persons with relapsing-remitting MS, 2 persons with secondary-progressive MS, and 2 persons with primary progressive MS. The mean ± standard deviation (SD) duration of MS was 10.8 ± 7.7 yr, and the median PDDS score was 1 (range 0-5), indicating minimal disability (i.e., some noticeable but minor symptoms from MS with minimal effect on one's lifestyle). The mean ± SD MSWS-12 score was 18.6 ± 16.5, further indicating minimal ambulatory impairment in those with MS. 
Treadmill Protocol
All 43 participants with MS completed the 5 min of resting energy expenditure and the 6 min periods of walking at speeds of 54 and 67 m·min 1 . Only 35, 30, and 23 of the participants with MS completed the 6 min periods of walking at speeds of 80, 94, and 107 m·min 1 , respectively.
Accelerometer Data
Model 7164
The accelerometer data from ActiGraph model 7164 are provided in Table 2 . No differences were found between groups in accelerometer activity counts per minute for the speeds of 54 m·min 1 (t(84) = 0. 23 
Model GT3X
The accelerometer data from ActiGraph model GT3X are also provided in Table 2 . Again, no differences were found between groups in accelerometer activity counts per minute for the speeds of 54 m·min 
Metabolic Data
The metabolic data are provided in Table 2 . No difference was found in resting metabolic rate between the two groups (t(84) = 0.24, p = 0.40). The persons with MS had higher energy expenditure than controls for the speeds of 54 m·min 1 (t(84) = 2.29, p = 0.01), 67 m·min 1 (t(84) = 3.02, p < 0.01), 80 m·min 1 (t(68) = 3.13, p < 0.01), and 94 m·min 1 (t(58) = 2.00, p = 0.02), but not 107 m·min 1 (t(44) = 0.89, p = 0.19).
Association Between Accelerometer and Metabolic Data
Model 7164
A strong linear association existed between accelerometer activity counts and energy expenditure overall, with a mean ± SD R value of 0.96 ± 0.03 and 
Model GT3X
A strong linear association existed between accelerometer activity counts and energy expenditure overall, with a mean ± SD R value of 0.93 ± 0.04 and 
Cut-Points for Moderate-to-Vigorous Physical Activity
Model 7164
The difference in the slope of the association between energy expenditure and accelerometer activity counts between samples resulted in different cut-points for MVPA: 1,723 ± 732 counts·min 1 in MS and 2,017 ± 801 counts·min 1 in controls.
Model GT3X
Again, the difference in the slope of the association between energy expenditure and accelerometer activity counts between samples resulted in different cut-points for MVPA: 1,584 ± 697 counts·min 1 in MS and 1,950 ± 852 counts·min 1 in controls.
DISCUSSION
This study examined the association between rates of accelerometer output and energy expenditure during the dynamic activity of walking in persons with MS and controls. Such an examination was necessary for testing the assumption of a strong linear association between rates of activity counts and energy expenditure in MS and, in turn, deriving cut-points for quantifying time spent in MVPA as part of the output for interpreting free-living accelerometry. The primary novel results were that (1) energy expenditure, but not activity counts, differed between persons with MS and controls walking at speeds between 54 and 94 m·min 1 ; (2) a linear association existed between activity counts and energy expenditure in the overall sample and persons with and without MS, but the association was steeper in MS than controls; and (3) the cut-point for MVPA was lower in persons with MS than controls. This indicates that accelerometer output reflects energy expenditure during bodily movements such as walking and is consistent with the standard definition of physical activity (i.e., bodily movement from the contraction of skeletal muscles resulting in increased energy expenditure) [5] . Collectively, the results support the application of accelerometers along with cut-points for quantifying time spent in overall physical activity and MVPA among persons with MS. This is important for future research that will more precisely characterize the amount of physical activity and MVPA necessary for consequences such as symptom management, quality of life, and disease progression in MS. Such data will ultimately allow for better prescription and monitoring of physical activity within home-and clinic-based programs for maximizing the associated consequences in persons with MS. One of the most important contributions of this research was the provision of cut-points for quantifying time spent in MVPA based on the rates of accelerometer activity counts per minute among persons with MS. Indeed, we identified cut-points for the model 7164 and GT3X accelerometers of 1,723 and 1,584 counts·min 1 , respectively, in the sample with MS. Those cut-points were lower than the values for controls of 2,017 and 1,950 counts·min 1 for the model 7164 and GT3X accelerometers, respectively. The difference in cut-points between samples was based on (1) the difference in energy expenditure, but not accelerometer output, between samples and (2) the steeper slope of the association between energy expenditure and accelerometer output in MS versus controls. Importantly, the MVPA cut-points for the model 7164 and GT3X accelerometers of 2,017 and 1,950 counts·min 1 , respectively, in the controls were remarkably similar to the value of 1,951 counts·min 1 reported in the seminal research on calibration of accelerometers in nondisabled adults [4] . This is important because it provides evidence of consistency in both the methods and outcomes of our research with that of previous seminal research for providing MVPA cut-points for accelerometer data in controls and further exemplifies the observation that the cut-points for persons with MS are less than that of nondisabled controls, regardless of the model of accelerometer. This should be taken into consideration for subsequent research comparing physical activity between MS and controls, because the difference in MVPA cut-points might better reflect actual difference in physical activity between populations.
Across four of the five treadmill speeds, energy expenditure differed such that those with MS had a higher energetic cost of walking than controls. This was particularly prevalent with the slow-to-moderate walking speeds of 54, 67, and 80 m·min 1 ; those speeds were undertaken by more than 80 percent of the persons with MS and controls. Energy expenditure differed less with the speed of 94 m·min 1 and was no different with the speed of 107 m·min 1 ; those speeds were undertaken by fewer of the participants with MS and controls. There are several points of consideration for such results. We observed a difference in energy expenditure between MS and controls, despite the similarity of the samples on height, weight, physical activity, exercise history and, particularly, gait. This is interesting, because physical activity and exercise history as well as spatial and temporal parameters of gait are putative factors that influence the energetic cost of walking. Perhaps the difference in energetic cost of walking reflects more subtle consequences of MS that are not captured by other measures, particularly gait assessments of the spatial and temporal parameters of walking. The second observation is that many people with MS might not be capable of undertaking fast walking speeds on a treadmill, and perhaps, a slower speed might still reflect the disease-specific burden of MS for the energetic cost of walking. Indeed, a post-hoc analysis indicated that MSWS-12 scores were significantly correlated with the energetic cost of walking on a treadmill at the slowest walking speed of 54 m·min 1 (r = 0.39, p = 0.01). We believe that the energetic cost of slow walking may have merit as an outcome for capturing subtle changes in walking efficiency over time in MS. A body of research has examined the validity and reliability of accelerometers in persons with MS, but seldom has the research included both persons with MS and controls. For example, researchers have reported that activity counts over a 7 d period from an accelerometer correlate with other measures of physical activity, namely self-report surveys, interview recalls, and motion sensors such as pedometers, in samples of persons with MS [20] [21] [22] [23] . Those studies generally have not examined the strength of the associations in persons with MS and controls for comparison of generalizability or specificity between populations. We further note that those studies have not tested one of the most important assumptions underlying application of an accelerometer: that the output itself reflects energy expenditure associated with bodily movement accumulated through physical activity. To that end, this study significantly advances the field by demonstrating a strong association between the rates of accelerometer activity counts and energy expenditure in both persons with MS and controls. By extension, this study further provides cut-points for directly quantifying time spent in MVPA for persons with MS that can be compared with nondisabled populations and included for further characterizing the association between physical activity and outcomes in persons with MS.
The study has several strengths, including the sample size and inclusion of controls and two models of accelerometers, but some important limitations should be considered when interpreting the results of this research. One limitation is that the sample mostly consisted of women with relapsing-remitting MS who had a short disease duration and minimal disability. This was necessary given the constraints of the methodology, but limits the application of our results more broadly among those with progressive and advanced MS. We further measured accelerometer activity counts and energy expenditure while participants walked on a treadmill, so our results might not reflect overground walking and might be biased by degree of comfort with treadmill walking. We note that previous research has reported similar oxygen cost of overground and treadmill walking in MS [24] , and we purposefully included an accommodation trial for providing practice with treadmill walking such that the novelty did not unduly influence our results. Another limitation is that we analyzed the data with independent samples t-tests, as opposed to a mixed model ANOVA. We performed t-tests rather than a mixed-model ANOVA because data were missing with increases in treadmill speed (i.e., some participants were unable to walk at faster speeds) and the ANOVA would have required complete data across all walking speeds. The limitation of our approach is the increased likelihood of a type-II error, but the problem with the ANOVA would be an increased likelihood of a type-I error based on a limited sample size.
CONCLUSIONS
The primary novel results were that (1) energy expenditure, but not accelerometer activity counts, differed between persons with MS and controls walking at speeds between 54 and 94 m·min 1 ; (2) a strong linear association existed between activity counts and energy expenditure in the overall sample and in persons with and without MS, but the association was steeper in MS than controls; and (3) the cut-point for MVPA from both models of accelerometer was lower in persons with MS than controls. This indicates that accelerometer output reflects energy expenditure during bodily movements such as walking and is consistent with the standard definition of physical activity [5] . Collectively, the results support the application of accelerometers along with cut-points for quantifying overall physical activity and time spent in MVPA, respectively, among persons with MS. This is essential for better characterizing the amounts of overall physical activity and MVPA that are necessary for maximizing consequences such as symptom management, quality of life, and disease progression in MS. Such data will allow for better prescription and monitoring of physical activity within home-and clinic-based programs for maximizing consequences in persons with MS.
